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ABSTRACT: 

Earphone apparatus for use in an active noise reduction system comprises an assembly 
including a shell (14) accommodating first (11) and second (17) closely adjacent 
electroacoustical transducers. The shape and size of the shell (14) allows the shell (14) and first 
(11) and second (17) electroaoouslical transducers to fit inside the concha of the ear. 
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@ Earphoning. 

@ Earphone apparatus for use in an active noise 
reduction system comprises an assembly including 
a shell (14) accommodating first (11) and second 
(17) closely adjacent electroacoustical transducers. 



The shape and size of the shell (14) allows the shell 
(14) and first (11) and second (17) electroacoustical 
transducers to fit inside the concha of the ear. 
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EARPHONINQ 



The present invention relates In general to ear- 
phoning and more particularly concerns novel ap- 
paratus and techniques for actively reducing noise 
in earphones of especially lightweight compact 
structure. 

For background reference is made to U. S, 
Patent Nos. 4.644.581 and 4,455.675 and copen- 
ding U. S. application Serial No. 07/138.095. 

According to those Inventions, there Is a head- 
phone cavity and electroacoustical transducer, 
such as a pressure sensitive microphone, within 
the cavity for providing a signal corresponding to 
the sum of extemal noise and the sound produced 
by a headphone driver in the same cavity. A com- 
biner combines this transduced signal with the in- 
put signal desired to be reproduced to produce an 
enror signal representative of the noise and other 
differences between the input signal to be repro- 
duced and the output of the headphone driver in 
the cavity. A servo comprising the combiner in- 
cludes a compensator that compensates for these 
error signals to produce an output acoustical signal 
at the ear with e)cternal noise and distortion signifi- 
cantly reduced and with substantially unifomn fre- 
quency response between the input to which the 
signal desired to iDe reproduced is applied and the 
ear. 

It Is an important object of this invention to 
provide an improved earphone In an active noise 
reducing system that is lightweight, compact and 
comfortable. 

According to the invention, there is an assem- 
bly including a first electroacoustical transducer for 
transducing electroacoustical energy into an elec- 
trical signal and a second electroacoustical trans- 
ducer closely adjacent to the first electroacoustical 
transducer for transducing electrical energy into 
acoustical energy in a shell small enough to be 
placed inside the concha of the ear. According to 
one aspect of the invention the shell is formed to fit 
inside a number of ear conchae. According to 
another aspect of the invention, the shell is custom 
molded to fit inside the concha of an individual 
user. According to another aspect of the invention, 
the second electroacousticat transducer at least in 
part is on the boundary between an inside or front 
cavity closer to the inner ear than an outside or 
rear cavity further from the inner ear. The first 
electroacoustical transducer is located inside the 
front cavity close to tiie second electroacoustical 
transducer. The first electroacoustical transducer is 
typically a microphone having a microphone dia- 
phragm perpendicular to the driver diaphragm of 
tiie second electroacoustical transducer, typically 
an earphone driver preferably heavily damped. Ac- 



cording to anotiier aspect of the invention the shell 
is fomned witii an inside opening facing tiie second 
electroacoustic transducer and covered by acous- 
tically resistive material, such as fine wire mesh. 
5 According to anotifier aspect of tiie invention, the 
rear cavity is a tube coaxially surrounded at least in 
part by a portion of tiie front or inside cavity with 
each of tiie cavities preferably largely filled with 
open cell foam. Preferably a layer of polyuretiiane 
10 film encloses a layer of silicone gel along a portion 
of the outside of the shell. 

Numerous other features and advantages of 
the Invention will become apparent from the follow- 
ing detailed description when read in connection 
75 with the accompanying drawing in which: 

FIG. 1 is a block diagram illustrating a system 
embodying the invention; 
FIG. 2 is an axial sectional view of an embodi- 
ment of the invention; 
20 FIGS. 3 and 4 are equivalent electrical circuits 
characterizing the transfer function of a system 
according to the invention at high and low fre- 
quencies, respectively; 

FIGS. 5A and 5B are graphical representations 
25 of the effect of the resistive screen on mag- 
nitude and phase responses, respectively, of the 
system; 

FIG. 6 is an equivalent electrical circuit modeling 
passive transmission loss of the system; 
30 FIG. 7 Illustrates the effect of volume at the front 
or inner cavity and open back on the passive 
attenuation; 

FIG. 8 illustrates the effect of the back cavity of 
two cc on driver efficiency; 
35 FIG. 9 is a plan view showing elements of an 
embodiment of the invention in the left ear; 
FIG. 9A Is a view tfirough section A-A of FIG. 9; 
and 

FIG. 9B is a view through section B-B of FIG. 9; 

40 With reference now to the drawings and more 
particulariy FIG 1 thereof, there is shown a block 
diagram illustrating tiie logical arrangement of a 
system Incorporating tiie invention corresponding 
substantially to RG. 1 of the aforesaid '581 patent. 

45 A signal combiner 30 algebraically combines the 
signal desired to be reproduced by the earphone 
on input terminal 24 witii a feedback signal pro- 
vided by microphone preamplifier 35. Signal com- 
biner 30 provides the combined signal to compres- 

50 sor 31 which limits the level of the high level 
signals. The output of compressor 31 is applied to 
compensator 31 A. Compensator 31 A Includes com- 
pensation circuits to insure that the open loop gain 
meets the Nyquist stability criteria, so that tiie 
system will not oscillate when the loop is closed. 
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The system shown is duplicated once each for the 
left and right ears. 

- Power amplifi r 31 amplifies the signal from 
compensator 31 A and energizes earphone driver 
17 to provide an acoustical signal in cavity 12 that 
Is combined with an outside noise signal that en- 
ters cavity 12 from a region represented as acous- 
tical Input terminal 25 to produce a combined 
acoustic pressure signal in cavity 12 represented 
as a circle 36 to provide a combined acoustic 
pressure signal applied to and transduced by mi- 
crophone 1 1 . Microphone amplifier 35 amplifies the 
transduced signal and delivers it to signal combiner 
30. 

Referring to FIG. 2, there is shown a diamet- 
rical sectional view of an embodiment of the Inven- 
tion. Microphone 11 is shown positioned in front 
cavity 12A with driver 17, preferably heavily 
damped, located along the boundary between Inner 
or front cavity 12A and outer or rear cavity 12B. 
Front or inner cavity 12A has a portion 12C co- 
axially surrounding rear or outer cavity 12B. Rear 
or outer cavity 12B and front cavity 12A including 
portions 12C are filled with open cell foam 138 and 
13A, respectively. A shell 14 typically made of 
plastic Includes a rear or outer portion 14A and 
front or Inner portion 148 joined together with front 
or inner portion 148 formed with an opening 14C 
covered by acoustic resistive material 15, such as 
fine wire mesh. A cushion 16 is made of silicon gel 
16A covered by polyurethane film 168 and is 
shaped to provide comfort and seal to different 
ears without moving microphone 11 away from the 
entrance to the ear canal. The rear or outer side of 
the diaphragm of driver 17 is exposed to the out- 
side through rear or outer cavity 128 open at the 
outside as shown. 

Having described structural an'angements cer- 
tain principles of the invention will be described. 
The invention is relatively compact and lightweight 
while providing comfort to the wearer. Locating 
structure in the concha of the ear allows reduction 
of size and weight as compared with structures 
having large earcups and large circumaural cush- 
ions. The invention still provides significant noise 
attenuation. 

An Important aspect of the system is maintain- 
ing stability. The invention includes structure modi- 
fying the transfer function between driver 17 and 
microphone 11 so as to provide sufficient gain and 
phase margins. The transfer function depends not 
only on the transducers, but also the acoustics of 
. the cavity in which the transducers are located and 
differs from on user to another having different 
concha characteristics. At high frequencies vari- 
ations are caused by variation in human ear canals, 
volumes, sizes and eardrum impedances. The ef- 
fect of these variations on the transfer function may 



be reduced by establishing a relatively large vol- 
ume In the front or inner cavity 12A. 

Referring to FIGS, 3 and 4, there are shown 
simplified equivalent electrical circuits characteriz- 

5 ing the transfer function of the syst m at high and 
low frequencies, respectively. Gd is driver 17 com- 
pliance, Mo is driver 17 mass, Cf is compliance of 
front or inner cavity 12A, Ce is compliance of the 
ear canal cavity, and Rd is driver 17 resistance, if 

70 the front cavity volume is chosen to satisfy the 
condition Gd>Cf>Ce. then the transfer function can 
be approximated by: 

^ « 1 

and is not a function of the ear canal compliance. 

^ (The average volume of an ear canal is about 2cc). 

In FIG. 4 Rs is the resistance of acoustic resis- 
tance 15 and Ml represents mass of tiie leak 
between front cavity 12A and the concha. Without 
resistive screen 15. response of the system has a 
second order roll-off which causes 180* phase 
shift that would cause a stability problem. The 
problem could be overcome by electronic com- 
pensation at low frequencies; however, this ap- 
proach would limit the dynamic range of the sys- 
tem, A preferred approach according to the inven- 
tion is to place resistive element 15 in the opening 
14C of shell 14B at tiie front or inner cavity 12A. 
The resistive element Is preferably chosen with 
resistance low enough to so tiiat it won't signifi- 
cantiy effect cancellation. 

Referring to FIGS. 5A and 5B, there are shown 
graphical representations of the effect of resistive 
screen 15 on amplitude and phase response, re- 
spectively, of the system showing the relatively 

^ slight attenuation introduced by the resistive screen 
with system responses being represented^ by die 
lower curves and the avoidance of the 180* phase 
shift- 

An advantage of the invention is tiiat by using 
a smaller driver 17 and by placing the sensing 
microphone 11 close to the entrance of the ear 
canal, tiie bandwidth of the active cancellation may 
be extended up to 1500 Hz, of the order of twice 
as high as practically available witii a circumaural 
system disclosed In the aforesaid patents. Another 
feature of the invention is tiiat it is characterized by 
a significant amount of passive attenuation at high 
frequencies to provide effective noise protection. 
Passive attenuation is a function of the leak and 
volume of tiie front or inner cavity. It was discov- 
^ ered that for a small structure, this volume prefer- 
ably should not exceed mor than about 10 cc. It 
was found that the prefen-ed approach to passive 
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attenuation Is to use almost the entire available 
volume of the shell as a front cavity with none or 
negligible back cavity volume. 

Refening to FIG. 6, there Is shown an equiv- 
alent electrical circuit for passive transmission loss 5 
analysis. It was determined experimentally that 
even with a very good seal, the leak mass Ml 
dominates over driver impedance Co, Ro, Mq. and 
the open back of the driver through rear cavity 12B 
does not deteriorate the system performance sig- 10 
nificantly. 

Referring to FIG. 7, there is shown a graphical 
representation Illustrating the negligible difference 
in passive attenuation when the front or Inner cavity 
is large with closed or open back providing signlfi- 75 
cantly better passive attenuation than using a small 
volume front or Inner cavity with an open back. 

A feature of the Invention is the use of a very 
small driver 17 resulting in broader cancellation 
bandwidth in a small structure. Driver maximum 20 
power handling capability is typically related to the 
driver size, and the driver efficiency Is typically 
related to the volume of the rear or outer cavity 
12B. For higher output it is desirable to use no 
back or outer cavity at all. Referring to FIG. 8, there as 
is shown a graphical representation showing the 
increased output without back cavity compared 
with the output with a rear or outer cavity of the 
order of 2 cc. 

A prefenred form of the invention comprises a 30 
shell structure having a custom fit piece for each 
ear. Referring to FIG. 9, there is shown a plan view . 
of a form of the invention. FIGS. 9A and 9B show 
sectional views through section A-A and B-B of 
FIG, 9 Illustrating the custom snap-on ear cavity 35 
mold 14D that snaps on shell 14 formed with an 
opening 14E at the entrance to the ear canal ex- 
posing acoustic resistance 15. Driver 17 and micro- 
phone 11 are oriented as shown with the dia- 
phragm of driver 17 perpendicular to the concha 40 
axis. Custom ear cavity mold 14D may be fab- 
ricated in substantially the same manner as custom 
molds for hearing aids. 

There has been described novel apparatus and 
techniques for providing compact lightweight ear- 45 
phones in a system that provides significant active 
noise cancellation. Other embodiments are within 
the claims. 



transducers to fit Inside the concha of the ear. 
2. An apparatus according to claim 1, wherein the 
shell (14) is fonmed with front (12A.12C) and rear 
(12B) cavities. 

3: An apparatus according to claim 2, wherein the 
first electroacoustic transducer is a microphone 
(11) In the front cavity (12A). and the second elec- 
troacoustic transducer is a driver (17) forming at 
least a portion of the boundary between the front 
(12A) and rear (128) cavities. 

4. An apparatus according to claim 2 or claim 3, 
wherein the front cavity {12C) at least partially 
coaxially surrounds the rear cavity (12B). 

5. An apparatus according to any of claims 2 to 4. 
wherein the front cavity (12A) Is formed with an 
opening (14C) covered by material (15) having 
acoustic resistance. 

6. An apparatus according to any of claims 1 to 5, 
wherein the shell (14) Is custom moulded to the 
concha of the wearer. 

7. An apparatus according to claim 6, wherein the 
shell (14) includes a snap-on ear cavity mould 
(140). 



Claims 



so 



1. Earphone apparatus for use In an active noise 
reduction system comprising: an assembly includ- 
ing a shell (14) accommodating first (11) and sec- 
ond (17) closely adjacent I ctroacoustical trans- 
ducers of shape and size that allows the shell (14) 
and first (11) and second (17) electroacoustlcal 
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